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Abstract 
Different species of aquatic macrophytes have strongly contrasting effects on the oxygen dynamics of the waters 
they inhabit. We conducted laboratory experiments to test the hypothesis that macroinvertebrates inhabiting stands 
of the floating-leaved water-chestnut (Trapa natans), which causes severe hypoxia, are more resistant to low oxygen 
concentrations (0.5–1 mg L−1) than those that inhabit submerged aquatic vegetation (Vallisneria americana and 
Myriophyllum spicatum), which do not cause hypoxia. Chironomids and amphipods associated with T. natans 
were more resistant to hypoxia than those associated with submerged plants, in support of our hypothesis. Gastropods 
showed the opposite pattern. Survival was significantly related to exposure time as well in these 3 groups. Ostracods 
from the 2 habitats were equally resistant to hypoxia, with high survival regardless of exposure time. Almost all 
zygopterans died when exposed to hypoxia. Different kinds of macroinvertebrates have distinct responses to 
hypoxia, so different kinds of hypoxic macrophyte beds may support distinct assemblages of macroinvertebrates. 
Specifically, the spatial and temporal extent of hypoxia will be critical, and shifts in macrophyte species composition 
caused by species invasions or other reasons may have differential effects on macroinvertebrates by causing different 
oxygen regimes. 
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Introduction
Many organisms rely on the habitats that aquatic 
macrophytes create in lakes and rivers. These plants not 
only provide physical structure that can be used for 
attachment, sheltering, feeding, and refuge by organisms 
(Taniguchi et al. 2003, Dibble and Pelicice 2010), but they 
also control chemical and physical aspects of water and 
sediments (Kleeberg et al. 2010, Tall et al. 2011), and thus 
are ecosystem engineers (Bouma et al. 2005, Caraco et al. 
2006). Among the many features that aquatic macrophytes 
can control, dissolved oxygen is one of the most crucial in 
determining the suitability of macrophyte-created habitats 
for animals.
Daily variation of dissolved oxygen is expected within 
dense macrophyte beds, with high concentrations during 
the day, when light is most available to photosynthesis, and 
lower concentrations at night, when respiration dominates 
(Jones et al. 1996, Miranda et al. 2000, Thomaz et al. 2001, 
Colon-Gaud et al. 2004). This dynamic is influenced by the 
architecture of plants and the size and density of stands, as 
well, because they affect water circulation and atmosphere 
exchange, and thus oxygen movement (Jones et al. 1996, 
Miranda and Hodges 2000, Bunch et al. 2010).
Specifically, oxygen dynamics in emergent and float-
ing-leaved macrophyte beds are expected to differ from 
those in submerged plants. Emergent and floating-leaved 
macrophytes release photosynthesis-produced oxygen to 
the atmosphere while consuming it from the water during 
respiration, increasing the occurrence of hypoxia (Caraco 
et al. 2006, Bunch et al. 2010). Thus, different macrophyte 
communities will have different impacts on dissolved 
oxygen dynamics and therefore will demand different 
adaptations of their faunas. 
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Different kinds of macrophytes often support different 
kinds of macroinvertebrates (Strayer et al. 2003, Phiri et 
al. 2011, Walker et al. 2013). We asked whether differing 
adaptations to hypoxia or lack of such adaptations might 
underlie observed differences in macroinvertebrates 
across different macrophytes. Specifically, we tested the 
hypothesis that the macroinvertebrates inhabiting water-
chestnut (Trapa natans) beds, a floating-leaved plant that 
produces severe hypoxia, are more resistant to hypoxia 
than those inhabiting submerged vegetation, where 
hypoxia does not occur, and discuss what adaptations 
could lead to differences in resistance to hypoxia.
Study area
North and South Tivoli Bays encompass 290 ha of 
freshwater tidal marshes, subtidal shallows, and intertidal 
mudflats along 3 km of the eastern shore of the Hudson 
River. The marshes are dominated by narrow-leaved 
cattail (Typha angustifolia), the subtidal shallows by the 
submerged species Vallisneria americana and Myriophyl-
lum spicatum, and the South Bay mudflats are now 
dominated by the nonnative T. natans (Yozzo et al. 2005). 
All these macrophytes support dense and diverse macroin-
vertebrate communities, although species composition is 
not the same among the different macrophytes (Strayer et 
al. 2003, Kornijów et al. 2010, Yozzo and Osgood 2013).
Dissolved oxygen dynamics in these habitats were 
described by Caraco and Cole (2002), who showed that T. 
natans-dominated sites are frequently severely hypoxic 
(dissolved oxygen <2.5 mg L−1), but normoxia is restored 
every 6 hours when they are flooded with well-oxygenated 
water. They also showed that sites dominated by 
submerged aquatic vegetation are rarely hypoxic.
Materials and methods
Experimental design
To determine if macroinvertebrates from T. natans (TNA) 
and submerged aquatic vegetation (SAV) differed in their 
resistance to hypoxia, we experimentally subjected 
members of higher taxa that occur in both TNA and SAV 
habitats to hypoxic conditions and compared their 
survival. We used paired hypoxic treatments and normoxic 
controls, repeated in blocks of 3–5 replicates according to 
the availability of organisms. This setting (Fig. 1) was 
repeated independently for organisms of different origins, 
TNA, and SAV, within each of 5 taxonomic groups: 
Amphipoda, Chironomidae, Gastropoda, Ostracoda, and 
Zygoptera. We used 2 incubation periods: 6 h to simulate 
the hypoxia that occurs in tidal habitats; and 18 h to 
simulate longer-term hypoxia.
Collecting the macroinvertebrates
Organisms were collected from TNA beds in South Tivoli 
Bay and from SAV beds in North Tivoli Bay 1 day before 
each trial from mid-August until late September 2013, a 
period that usually encompasses both TNA and SAV peak 
biomasses (Caraco and Cole 2002). The water used in the 
trials was collected from the same sites as the organisms. 
We used a bucket to wash the invertebrates off 
macrophytes and a plankton net (118µm mesh size) to 
concentrate them. Organisms were kept in jars on ice 
while transported. In the laboratory, animals were sorted 
under a microscope and kept in jars until trials were run 
the next day (amphipods were kept in aerated water and 
fed live chironomids up to 5 days prior to one of the trials 
due to difficulties in finding enough organisms).
Experimental setting
We sparged half of the water with nitrogen gas until the 
dissolved oxygen (DO) concentration was 0.5–1 mg L−1. 
The remaining water was oxygenated when needed until DO 
concentrations were 8.5–9 mg L−1. Water was distributed 
into 300 mL biological oxygen demand bottles that served as 
experimental units. We then measured DO and temperature 
(YSI ProODO meter) in each bottle, added 10 (ostracods) or 
5 (all other groups) specimens from either SAV or TNA, and 
sealed the bottles. Each bottle contained 1–5 species of each 
group (Amphipoda, Chironomidae, Gastropoda, Ostracoda, 
and Zygoptera), and no substrate was used. 
After 6 or 18 h, we opened the bottles, measured DO 
and temperature, and counted live and dead organisms. 
We considered animals dead if they did not move sponta-
neously or respond to touch within 5 minutes of 
observation. The total number of organisms recovered, 
which differed for some groups from the initial number 
probably due to predation and/or difficulties in handling, 
was used to calculate the survival percentage. All 
organisms were kept in 70% alcohol for later taxonomic 
identification (Supplementary Table S1).
Data analysis
From the number of live and dead organisms, we 
calculated a survival rate for treatments and controls by 
dividing the number of live animals by the number of total 
animals in each bottle. We then divided the survival rate in 
the hypoxic treatments by the survival rate in the normoxic 
controls to account for mortality due to reasons other than 
hypoxia. This final value, which we call survival, was 
used as the response variable in our statistical analysis. 
We applied PERMANOVAs to test for differences 
between the survival of organisms from different origins 
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(TNA vs. SAV) for different periods of hypoxia (6 and 
18 h). The analysis was made considering all groups 
together, as well as for individual taxonomic groups 
(Amphipoda, Chironomidae, Gastropoda, Ostracoda, 
Zygoptera). A PERMANOVA tests the null hypothesis 
that the group (treatments) centroids in a Euclidian space 
(if the Euclidian distance was used) are equivalent for all 
groups, meaning there is no effect of the factors being 
tested (Anderson and Walsh 2013). Significance of 
differences among treatments is tested via permutation, so 
the analysis is robust to heterogeneity in data variances for 
balanced designs (Anderson and Walsh 2013). Tests were 
performed with R (R Core Team 2013).
Results
Initial and final concentrations of DO in hypoxic treatments 
averaged (mean ± SD) 0.69 ± 0.2 and 0.25 ± 0.3 mg L−1, 
respectively, while normoxic concentrations averaged 
8.65 ± 0.3 mg L−1 at the beginning of experiments and 
7.29 ± 1.5 mg L−1 at the end. Most (97 ± 9%, SAV and 
TNA, 6 and 18 h, n = 98) animals survived in the normoxic 
controls, which indicates that handling and experimental 
conditions alone did not kill many animals.
When we combined data for all taxa, we found no 
significant differences between TNA- and SAV-dwelling 
organisms (Fig. 2; Table 1). There was a significant effect 
of time, however; we observed that increasing exposure 
time from 6 to 18 h reduced average survival. 
When we analyzed data of each group separately, we 
observed distinct responses of taxa to hypoxia (Fig. 2; 
Table 1). Amphipod survival was affected by the 
interaction of origin and time. The organisms from TNA 
were more resistant than those from SAV for the 6 h trial, 
but they were equally highly sensitive (0% survival) to 
18 h hypoxia. Chironomids were affected both by exposure 
time and marginally by origin. Contrary to our hypothesis, 
gastropod survival was higher for animals from SAV in 
both the 6 and 18 h trials, and the effects of time and origin 
were statistically significant. Few zygopterans survived 
any of the hypoxic treatments. Ostracods were resistant to 
hypoxia regardless of origin and exposure time. 
 Discussion
Our results provided little support for our hypothesis that 
macroinvertebrates from TNA are more resistant to 
hypoxia than those from SAV. Only results for amphipods 
supported our hypothesis. Chironomids were affected 
chiefly by exposure time but tended to be more resistant 
when collected in TNA than SAV. The results for 
gastropods were the opposite of our prediction; survival 
was higher for organisms collected in SAV than for those 
from TNA. The other groups showed no effects of origin 
and time, with high mortality of zygopterans and high 
survival of ostracods. Thus, our results indicate that the 
differences in macroinvertebrate community composition 
found by Strayer et al. (2003) between TNA and SAV 
cannot be attributed to differential resistance to hypoxia.
Fig. 1. Experimental design. Taxonomic groups: amphipods, 
chironomids, gastropods, ostracods, and zygopterans; TNA = Trapa 
natans stands; SAV = submerged aquatic vegetation stands; HYP = 
hypoxia; NOR = normoxia. Numbers denote replicates, which varied 
among taxa from 3 to 5.
Fig. 2. Survival under hypoxia (mean ± standard error) of organisms 
associated with T. natans (TNA) and submerged aquatic vegetation 
(SAV) in 6 and 18 h exposures. Different letters indicate significant 
difference (p < 0.05), and the apostrophes indicate near significant 
difference (p < 0.06).
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Our results also allow us to infer to a certain extent the 
mechanisms that each group of macroinvertebrates may use 
to survive in hypoxic TNA beds. The chironomids and 
amphipods from TNA and SAV had different tolerances to 
hypoxia. Some members of each of these groups have 
hemoglobin or hemocyanin (Sutcliffe 1984, Spicer 1993, 
Panis et al. 1996), and it is possible that interspecific or in-
traspecific variation in concentrations of such respiratory 
pigments account for these differences. Among the 
chironomids, differences in structures such as thoracic 
horns or fringed anal lobes (Marziali et al. 2006), 
ventilatory movements (Panis et al. 1996), or the ability to 
perform long-term anaerobic metabolism (Frank 1983, 
Hamburger et al. 1995, 2000) could help the species living 
in TNA survive hypoxia. Because their composition varied 
between TNA and SAV, differences in all these traits could 
possibly account for the differences in survival. Amphipods, 
however, belonged to only one genus, possibly one species, 
so there is the interesting possibility of populations from 
TNA and SAV being differentially adapted to hypoxia. Also 
worth noting is that the mechanism used by amphipods 
(whether respiratory pigments or some other mechanism) 
was effective for 6 h exposure, but not for 18 h, highlight-
ing the importance of hypoxia duration.
Higher survival of gastropods associated with SAV in 
comparison with those associated with TNA is probably 
related to the different species found in those habitats and 
used in the trials. Amnicola limosa, which was much more 
abundant in TNA than in SAV, is the only species we used 
that does not have lungs, and therefore, is the only test 
organism independent of atmospheric oxygen. Results 
show, however, that even the species with lungs were able 
to resist hypoxia. Among additional possible mechanisms 
for gastropods is the presence of respiratory pigments 
(Von Brand et al. 1948, Alyakrinskaya 2004) and the 
ability of oxy-regulation (Hanley and Ultsch 1999). 
Ostracods were highly resistant to hypoxia, regardless 
of habitat of origin, even in 18 h trials. Previous studies 
have also shown that some ostracods tolerate low DO 
(Hagerman 1969, Rossi et al. 2002), although some 
species may be sensitive to it (Rosseti et al. 2004, Ruiz et 
al. 2013). The presence of respiratory pigments in 
ostracods (Fox 1957) is the most probable mechanism 
allowing them to survive hypoxia because they are not 
capable of regulating DO consumption (Corbari et al. 
2004, 2005) or changing to an anaerobic metabolism 
(Rossi et al. 2002).
Zygopterans had high mortality in all hypoxia 
treatments, regardless of the length of the trial or the 
origin of the animals, yet they are abundant in nature in 
TNA beds (Strayer et al. 2003, Kornijów et al. 2010). This 
finding suggests that some mechanism not tested in our 
trials allows these animals to survive in natural TNA beds. 
For example, zygopterans migrate toward the water 
surface to find higher DO concentrations (Robinson et al. 
1991, Apodaca and Chapman 2004, Sesterhenn et al. 
2013), which might be an important mechanism in 
Hudson River habitats; Strayer et al. (2003) found them to 
occur on plants but not sediments, and Kornijów et al. 
(2010) collected them from TNA leaves but not from other 
parts of the plants.
Macroinvertebrates inhabiting hypoxic macrophyte 
beds such as TNA beds in the Hudson therefore have 2 al-
ternatives to cope with the hypoxic habitat within the 
beds: they can escape to more oxygenated micro-habitats, 
or they possess adaptations to survive through hypoxia. 
The first alternative was not available for the animals in 
our experiment, so with the exception of Zygoptera, which 
must survive hypoxia by escaping to oxygen-rich zones, 
all other groups tested must have adaptations to survive 
hypoxia in place. Ostracoda displayed the same ability to 
survive hypoxia whether their habitat requires them to do 
so (TNA beds) or not (SAV). In comparison, Chironomi-
dae and Amphipoda inhabiting TNA beds have better 
resistance to hypoxia than their relatives in SAV, while 
SAV-associated Gastropoda were more able to cope with 
hypoxia than those associated with TNA.
Factor Pseudo-F p
All groups Origin 0.749 0.382
Time 4.601 0.034
Origin*time 0.667 0.422
Amphipoda Origin 32.667 0.000
Time 42.667 0.000
Origin*time 32.667 0.000
Chironomidae Origin 3.195 0.054
Time 3.838 0.029
Origin*time 0.172 0.801
Gastropoda Origin 8.252 0.011
Time 8.685 0.010
Origin*time 2.494 0.134
Ostracoda Origin 0.144 0.715
Time 0.176 0.675
Origin*time 2.033 0.172
Zygoptera Origin 1.170 0.290
Time 1.949 0.217
Origin*time 1.170 0.475
Table 1. PERMANOVA results for the effects of origin (TNA or 
SAV) and time (6 or 18 h) on survival of invertebrates under 
hypoxia. 
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DO is not the only variable that differs between TNA 
and SAV beds. Plant structure itself influences macroin-
vertebrate composition through many mechanisms, such 
as food availability and refuge efficacy against predation 
(Cremona et al. 2008, Fisher et al. 2012). Many other 
physical and chemical characteristics, some of which can 
also be regulated by macrophytes, can influence the fauna 
and interact with DO dynamics in determining community 
composition (Strayer and Malcom 2007 and references 
therein). Because DO is a basic need for all animals, 
however, it represents a strong link between macrophytes 
and associated organisms.
Because of their engineering activities on DO, 
macrophyte beds can pose challenges as well as benefits 
for the macroinvertebrates that live there. Whether 
through their regular dark respiration and daylight photo-
synthesis or growth form-related DO fluctuations, large 
macrophyte beds create peculiar habitats with abiotic 
filters that may require specific adaptations of organisms. 
Our results show that these challenges can be met in 
several ways by macroinvertebrates: probable movement 
to nearby oxygenated habitats by zygopterans; short-term 
(6–18 h) tolerance of hypoxia by amphipods and 
chironomids; and long-term (>18 h) tolerance of hypoxia 
by gastropods and ostracods. Because different inverte-
brates meet the challenge of hypoxia in different ways, 
different kinds of hypoxic macrophyte beds may support 
different assemblages of macroinvertebrates. Specifically, 
the spatial and temporal extent of hypoxia will be critical, 
such as whether well-oxygenated refuges are nearby, or 
whether the hypoxia is brief (overnight or during a tidal 
cycle) or long-term. Likewise, shifts in macrophyte 
species composition caused by species invasions or other 
reasons may have differential effects on macroinverte-
brates that are caused by different oxygen regimes. 
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